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Membrane protein structureGram-negative bacteria are the ancestors of mitochondrial organelles. Consequently, both entities contain
two surrounding lipid bilayers known as the inner and outer membranes. While protein synthesis in bacteria
is accomplished in the cytoplasm, mitochondria import 90–99% of their protein ensemble from the cytosol in
the opposite direction. Three protein families including Sam50, VDAC and Tom40 together with Mdm10
compose the set of integral β-barrel proteins embedded in the mitochondrial outer membrane in S. cerevisiae
(MOM). The 16-stranded Sam50 protein forms part of the sorting and assembly machinery (SAM) and shows
a clear evolutionary relationship to members of the bacterial Omp85 family. By contrast, the evolution of
VDAC and Tom40, both adopting the same fold cannot be traced to any bacterial precursor. This ﬁnding is in
agreement with the speciﬁc function of Tom40 in the TOM complex not existent in the enslaved bacterial
precursor cell. Models of Tom40 and Sam50 have been developed using X-ray structures of related proteins.
These models are analyzed with respect to properties such as conservation and charge distribution yielding
features related to their individual functions.; TOM, translocase of the outer
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
The mitochondrial outer membrane originates from the uptake of
an endosymbiotic precursor bacterium from the α-proteobacterial
subgroup into a eukaryotic precursor cell [1]. During the course of
evolution the lipid composition of both membranes has changed
signiﬁcantly due to the different environmental requirements but the
protein representatives carrying important functions remained partly
the same. In yeast ﬁve integral outer membrane proteins of β-barrel
topology were identiﬁed, three of which, scVDAC1, scVDAC2 and
scTom40 belong to the 19-stranded β-barrel group. Sam50 displays a
high sequence similarity to the bacterial precursor protein Omp85
and very probably belongs to a second 16-stranded β-barrel subgroup
[2,3]. Another protein Mdm10 involved in the maturation of MOM
protein complexes that is predicted to contain β-sheet structure is not
present in higher eukaryotes and has also no sequence homologs
among bacteria [4]. Together, this ensemble of β-barrel proteins in
complex with adjacent factors (TOM and SAM associated proteins)
allows the communication and exchange between mitochondria and
the surrounding cytosol and forms the platform for a variety of protein–
protein interactions.
In the early 70's and 80's the mitochondrial porin has been
discovered as a channel structurally and functionally resemblingmany bacterial porins [5,6]. At the same time, in 1976, the discovery of
the switch between an anion- to a cation-selective state of lower
conductance at low voltages in planar lipid membranes led to the
term of the voltage dependent anion channel, VDAC [7]. These
investigations and selected following experiments represented the
hallmark characteristics of VDAC family proteins and constrained the
view onto the channel for about two decades. In 2008, the 3D
structure of VDAC has been determined independently by three
research groups using either high resolution NMR spectroscopy, X-ray
crystallography or a hybrid approach combining information of both
techniques [8–11]. All three structure models basically show the same
architecture of a 19-stranded β-barrel with the N-terminal helix
enclosed. This structure investigation was not only a breakthrough in
the understanding of MOM structure biology but also forms the
reliable basis for further biochemical and modeling experiments.
From sequence alignments it became indicative that Tom40
shares the same overall architecture as determined for VDAC
proteins [9]. The channel forms the integral part of the TOM
complex which in S. cerevisiae is assembled by three preprotein
receptor molecules Tom20, Tom22 and Tom70 and a number of
small Tom proteins (Tom5, Tom6, Tom7) [12]. Tom40 is the core
component of the 400–500 kDa pore-like structure which allows
preprotein passage into the intermembrane space where proteins
are further targeted into the four compartments [13]. Electron
microscopy data provided the ﬁrst structural insights into the entire
(containing the Tom70 component) or core TOM complex with a
dynamic equilibrium of two or three Tom40 subunits present in the
protein ensemble [14,15]. The TOM reconstructions acquired so far
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and N. crassa) at medium resolution but the pore structures agree
well with the Tom40 model we generated on the basis of VDAC
structures, both in dimensions of vertical and horizontal size (our
unpublished data). The major function of the Tom40 protein is to
enable the passage and lateral release of partially folded or unfolded
secondary structure elements [14,16]. From the dimensions of this pore
model, a folded α-helix may easily pass through without previous
unfolding but a β-hairpin structure would have to be unfolded before
passage. This model of one pore forming protein per barrel wall is also
supportive for the idea of e.g. Rapaport that mitochondrial outer
membrane proteins comprising one C-terminalα-helixmay be inserted
into a rimof several Tom40β-barrels and subsequently released laterally
into the outer membrane [17].
Notably, the composition of proteins assembling the TOM and SAM
complexes (see next paragraph) is not consistent between mitochon-
dria of differentphylogenetic lineages (for reviewsee: [18,19]). For TOM
a subset of three proteins, Tom40, Tom22 and Tom7 are ubiquitously
found in all eukaryotes [20].
The third protein of barrel topology, Sam50, (which is also known
as the Tob55 protein of the TOB complex: topogenesis of mitochondrial
outer membrane beta-barrel proteins) belongs to the sorting and
assemblymachinery, SAM,which consists in yeast of three proteins: the
integral Sam50 pore and two Sam35 and Sam37 accessory proteins
[21,22]. Sam50andalso theplanthomologToc75 fromchloroplasts both
show a clear sequence similarity to the Omp85 evolutionary precursor
protein from Gram-negative bacteria [19,23,24]. By contrast to the
bacterial Omp85 homologs which N-terminally harbor ﬁve POTRA
(Polypeptide Translocation Associated) domains, the Sam50 protein has
evolved differently and containsonly one of these scaffold domains [24].
POTRA domains together with the integral membrane portion form the
typical structural ﬁngerprint of proteins belonging to the Omp85 or
related membrane insertase families. Functionally, SAM complexes can
recognize the β-signal stretch which consists of a four residue motif
encoded with high similarity in the very last β-strand of any MOM
protein [25]. This arrangement is somewhat reminiscent to a sequence
similarly observed in outer membrane proteins of bacteria where
a handful of residues are strongly discriminative for functions including
(I) insertion into the outer membrane and (II) binding to DegS
and induction of the σE-dependent stress response [26,27]. This led to
the conclusion of the C-termini of OMPs and β-barrel MOMs harboring
speciﬁc motifs important for their stability.
Crystal structures of mammalian VDAC and the bacterial FhaC
protein provide a solid basis tomodel relatedMOMproteins of β-barrel
topology of sufﬁcient similarity such as the human Tom40 (similar to
VDAC) andSam50 (on thebasis of FhaCprotein) [8–10,28]. In this article
the relationship between these proteins in sequence and structure are
discussed.
2. Structural and functional basis of VDAC proteins
VDAC has long been implicated in functions as amediator between
the cytoplasm and the mitochondrion (for review [29–32]). In
mammalian mitochondria three isoforms (hVDAC1, hVDAC2 and
hVDAC3) have been identiﬁed and were studied to unravel their
distinct roles in cell life and death [33–36]. Their speciﬁc role in the
exchange of small metabolites including the energy equivalents ATP
and ADP is undisputed, however, the possible role of VDAC proteins in
cell death is still under an ongoing discussion [33–36]. In cell life under
physiologically stable conditions VDAC1 is likely to participate in the
binding of hexokinase isoforms I and II at the mitochondrial interface
and thereby provide direct access of mitochondrially produced ATP to
the metabolic pathways of the cell (see Fig. 1) [37–39].
In the cell death scenario two principle pathways including VDAC
isoforms may lead to MOM permeabilization and subsequent exit of
pro-apoptotic factors such as CytC into the cytoplasm. (I) Themitochondrial permeability transition pore complex (PTPC; consist-
ing of VDAC, ANT and hexokinase I/II) may be regulated from the
cytoplasm to cause the breakdown of the inner membrane potential
[39,40]. This process and the precise composition is however an area
debated more controversially and would require the indirect
inﬂuence of the VDAC onto the inner membrane stability possibly
by channel closure. (II) VDAC channels have also been reported to
form complexes with members of the Bcl-2 protein family (Bax, tBid,
Bak) [33–36]. The multi-BH domain proteins Bax and Bak are the
major pro-apoptotic proteins know to permeabilize the MOM after
oligomerization [37]. Collectively, there is compelling evidence that
VDAC isoforms may function as receptors for pro-apoptotic proteins
to tether and keep them in proximity to the MOM (see Fig. 1).
Early structure work on the VDAC channels embedded in native
membranes using electron microscopy has provided insights into the
arrangement and approximate dimensions of the channel [5,6,41].
Recently, these investigations were complemented by atomic force
microscopy studies of native mitochondrial outer membranes from
tomato and yeast [42,43]. In summary these studies at about 2 nm
resolution provided a picture of VDAC as a channel with barrel
dimensions of ∼3 nm (lateral diameter) and ∼5 nm in height [11].
High resolution structures of the voltage dependent anion channel
have been determined by three independent methodologies after
production of the protein in E. coli and refolding into a functional form
[8–11]. As the most reliable basis for the current structure analysis
and modeling approach of Tom40 the high resolution X-ray structure
has been selected (see Fig. 2A and next paragraph). This structure is in
good agreement with the data derived by our hybrid approach
however the localization and orientation of the helix has been
modeled more precisely due to resolution constraints [10]. The
number of β-strands being debated for many years and yielded
models of VDAC predicted to consist of 12 up to 19 strands depending
on the approach used [44–46]. Notably, the very ﬁrst model published
in 1987 based on pure secondary structure analysis had already
predicted the correct number and localization of 19 β-strands [47].
While this number of strands has now been conﬁrmed by the 3D
structures, the length of β-strands deviates from the original model
with an average of 10 residues [10]. Another detail of the structure in
questionwas the localization of the N-terminal helix. This helix was in
most of the models predicted to be part of the barrel or exposed
towards the outside and remained so far very speculative [44–46]. The
3D structures now clearly demonstrate the helix to be localized
midway inside the barrel pore, changing the pore diameter by approx.
40% relative to the non-occluded form (see Fig. 2A) [9,10]. This
particular structural feature is somewhat reminiscent to the long loop
L3 observed in the speciﬁc and unspeciﬁc bacterial porins most
signiﬁcantly narrowing the bacterial pores. Loops on opposite sides of
the barrel are almost equal in length with a slightly longer extension
on the cytoplasmic side [47,48]. This feature is in particular contrast to
all bacterial outer membrane protein structures which show a strong
asymmetry with long loops at the extraplasmic side and short turns
facing the periplasm. Aside the uneven number of β-strands this
feature is the most obvious structurally diverging element compared
to their bacterial homologs [9].
3. A model of Tom40 based on the VDAC structure
In our recent paper on the structure analysis of human VDAC1 we
traced a signiﬁcant sequence similarity between this channel and the
Tom40 family (15–25% identical/40–60% similar residues depending
on sequences used) proteins which led to our proposal of an
evolutionary relationship between these two protein families [9]. In
our analysis here we improved this picture by the alignment of the
two sequences, assigning a secondary structure to both using
secondary structure prediction tools and ﬁnally compared these
features with the recent 3D structure (see Fig. 2B). From both
Fig. 1. Summary of MOM structures of β-barrel topology. Summary of the two principle architectures of MOM proteins of β-barrel topology shown embedded in the MOM lipid
bilayer. VDAC and Tom40 belong to the protein families comprised by a 19-stranded β-barrel topology. Sam50 is the only representative of the MOMbased on the 16-stranded barrel
architecture. Functions assigned to the individual classes of proteins as long as they are clearly conﬁrmed andmarked accordingly. All structure ﬁgures are prepared using the PYMOL
program [58].
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PSIPRED algorithm) which is largely consistent with the secondary
structure assignment derived from the 3D structure (see Fig. 2B) [49].
In total eight gaps up to three residues in length between the two
sequences are visible, most of which occur in loop regions (see
Fig. 2B). The only region that could not been modeled properly is the
N-terminal extension of Tom40 (residues 1–77) which does not align
with the VDAC structure and are predicted to form a random coil
structure. Based on the signiﬁcant similarity in the primary and
secondary structures and the small number of gaps the use of the
hVDAC1 X-ray to build a proper model of hTom40 seemed reliable
(see Figs. 2B and 3A).
We used this model to ﬁrst investigate pairwise conserved
residues throughout the protein structure to get an idea as to which
structure restraints were important in the functionally diverging
proteins. This analysis results in a picture of an overall equal
likelihood in mutational probability throughout the protein (see
Figs. 2B and 3A). Identical residues are rarely obtained (16%) but
highly similar exchanges occur often and both residual classes
together (39%) especially highlight hydrophobic residues which
point into the membrane (see Fig. 3A). This feature may be
important for stability reasons while the functionality of the pore
has been less conserved due to diverging requirements. Only one
part of the sequence is signiﬁcantly higher conserved comprising the
last two β-strands. Notably, the only charged residue of VDAC1
pointing into the lipid interior is E73 which is highly conserved in
VDAC proteins and to a lesser extent in Tom40 variants [8–10].
Conservationof residues in this area is plausible as it harbors theβ-signal
of several residues known to be similar in all MOM proteins of β-barreltopology and functionally tested for their importance in recognition and
insertion of mitochondrial β-barrel proteins into the membrane (see
Fig. 3B) [25].
Pore diameter and electrostatic properties are additional interest-
ing features of hVDAC1 to be compared with hTom40. In our model it
seems that the translocation pores could contain more voluminous
residues to thereby slightly decrease the pore diameter. Another
feature taken into our consideration is the electrostatic distribution,
which signiﬁcantly differs between the two proteins (see Fig. 3C). For
hVDAC1 the only known substrate is the negatively charged ATP/ADP
nucleotide, although a strong binding site of this molecule to VDAC
has never been obtained [9]. Nevertheless, the passage of a negatively
charged molecule is likely to be enhanced in the presence of a surplus
of positive charges lining the channel walling. By contrast, it is
tempting to speculate that hTom40 may attract positively charged
presequence peptides of mitochondrial matrix proteins. Analyzing the
charge proﬁle of both channels exactly reveals the expected features
(see Fig. 3C). VDAC shows a signiﬁcant surplus of positive charges in
particular towards the half side facing the inter membrane space (net
charge +3). hTom40 harbors more negative residues inside the
channel with a slightly higher occurrence at the interface to the IMS
(net charge −1; see Fig. 3C).
4. The model of Sam50
Our model of human Sam50 has been prepared on the basis of
FhaC structure, a member of the Omp85 family. This protein has a
slightly distinct function as the other Omp85 insertases and functions
in the export of hemagglutinin in Bodetella pertussis as part of a two
Fig. 2. Architecture of VDAC proteins and homology to Tom40. (A) The structure of mVDAC1 (VDAC1 isoform I from mouse) as side view shown in a ribbon presentation (left side).
The structure is rainbow colored from the N- (blue) to the C-terminus (CT; red). Electrostatic surface representation of the structure with negative potential colored in red and
positive potential colored in blue (middle). Top view onto the VDAC molecule shown with the N-terminal helix located in the barrel interior (right picture). (B) Pairwise sequence
and structure alignment of human VDAC1 against human Tom40. Secondary β-structure elements (-E-) and α-helix (-H-) according to the X-ray structure model are compared to
the secondary structure prediction of VDAC (PSIPRED–HVDAC1) and human Tom40 (PSIPRED–HTOM40) using the PSIPRED program [50]. The two sequences are aligned using the
program CLUSTALW [59]. Identical residues are marked with (*), highly conserved residues are marked with (:), residues conserved with lower extent are marked with (.).
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similarity between both proteins is relatively low, a sufﬁciently clear
similarity in secondary structure prediction is present to allow proper
modeling of the 16-stranded Sam50 barrel including the single POTRAdomain. POTRA domains together with the accessory proteins Sam35
and Sam37 are important for the assembly of the SAM complex and
bindingmitochondrial proteins ofβ-barrel topology via their C-terminal
β-signals [25]. Sam50 has additional structural features which
Fig. 3.Homology analysis of VDAC/Tom40 and comparison of surface charges. (A) Identical (yellow) and highly conserved (magenta) residues mapped onto the VDAC structure. The
distribution of homologous residues throughout the entire protein is shown. (B) The C-terminus of the proteins encoded by the β19 strands is shown in the same orientation as in
(A). Conserved residues are given accordingly together with residues shown to encode the β-signal in MOM proteins of β-barrel topology necessary for proper localization of
proteins. (C) Electrostatic surface representation of VDAC viewed from the inter membrane space (IMS) and the cytoplasm (CP) (upper panel). The distribution of charges around
the pore is shown with a surplus of positive charges surrounding the channel volume. Model of human Tom40 based on the VDAC structure given in the electrostatic surface
representation in the same orientation as for VDAC (lower panel). The distribution of charges along the channel indicates a surplus of negative charges presumably dominating for
interactions with positively charged presequences.
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evolutionary relationship to Omp85 is clearly visible, not only in the
existence of the POTRA domain, but also in the increased length of the
β-strands which is preserved from bacteria to mitochondria (∼12
residues per strand). The structure analogy to bacterial proteins is
further conﬁrmed by the length of the individual loops which
resemble e.g. bacterial porins or iron receptors with their long
extraplasmic extensions [9]. The protein has also another typical
feature ofmany bacterial OMP proteins to form aromatic girdles close
to themembrane borders (data not shown). However, the entire SAM
complex deviates from its bacterial precursor in that only two(instead of ﬁve) proteins are attached to the core protein without
showing sequence similarity to lipoproteins associated in the Omp85
complex [51]. Interestingly, these proteins are located opposite to the
inter membrane space [2].
5. Evolution and conservation of MOM proteins of
β-barrel topology
The evolution of VDAC proteins has been traced on the basis of
molecular phylogenies. Here the evolution follows a many-to-many
gene relationship going from yeast to mammals. Some copies keep
Fig. 4. Comparison of conservation patterns on VDAC, Tom40 and Sam50. (A) Surface representation of the human VDAC protein. Patches of conserved residues are missing while
single conserved residues are marked in red. (B) Analysis of conserved residues in human Tom40 shown on the surface topology of the protein in dark blue. Two adjacent patches I
and II are closely located on the surface facing themembrane formed by β-strands β1–β4 and β17–β19. (C) Surface representation of human Sam50modeled on the basis of the FhaC
protein. The principle architecture of the barrel consisting of 16 β-strands is indicated by β1 to β16 together with the protein surface. Two patches of conserved residues using a
multiple sequence alignment generated by FRPRED are highlighted in light blue — on the left hand side patch II indicates residues which form the interface between the barrel and
the single POTRA domain of Sam50 [60]. On the right hand side patch I is visible with the orientation laterally towards the mitochondrial outer membrane.
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VDAC1 present in all species. However, both, early and late gene
duplication events have also been traced and several paralogs
occurred during evolution and recent data using bioinformatics
suggest the absence of ancient paralogs within the gene family
[52,53]. VDAC isoforms are involved in complex formation mainly at
the interface to the intermembrane space or cytoplasm. These
complexes are of transient nature and interactions are presumably
formed primarily between the exposed surface structures. Conserva-tion scores within VDAC sequences taken from genomes of different
lineages are relatively low and comprise only some isolated residues.
This ﬁnding may be explained by the heterogeneous and diverging
functions of VDAC found in different cell types (yeast or mammals)
and e.g. through the evolutionary development of specialized
functions in apoptosis (see Fig. 4A).
By contrast, Tom40 and Sam50 are both integral membrane
proteins embedded in a complex protein–lipid environment with a
number of laterally attached protein receptors typically forming
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pore must permit the formation of a variety of interactions to e.g.
Tom70, Tom22, and Tom20 and the tiny Tom proteins to allow the
assembly of the entire complex [54]. These interactions aremost likely
conserved among species as e.g. all receptor components are existent
from yeast to human. Therefore the two patches of conserved residues
on the Tom40 molecule are involved in lateral protein–protein
interactions and complex formation. These patches in particular
concern strands β2–β4 and the terminal β18 and β19 strands (see
Fig. 4B). A similar feature has been observed for Sam50 protein which
presumably forms an oligomeric (pentameric) protein complex [20].
Moreover the membrane attached proteins Sam35 and Sam37 are
part of this complex. The conserved residues on the Sam50 surface
facing the membrane form an area localized on the β12–β16 strands
(see Fig. 4C). A second patch of signiﬁcant similarity is formed at the
interface between the β-barrel and POTRA domains (see Fig. 4C).
6. Summary
So far, three principle architectures of MOM proteins with β-barrel
topology canbe distinguished: the19-stranded andevolutionary related
β-barrel proteins Tom40 and VDAC, the 16-stranded Sam50 and ﬁnally
the Mdm10 protein with a yet unknown number of β-strands.
Historically, the number of β-strands forming the VDAC pore has been
debated over the past decades and various models were discussed
always on the basis of semiquantitative methodology leading e.g. to an
old model contributed by the Colombini group comprising 13 β-strands
[55]. The likelihood and reliability of this 2D-model to fulﬁll structure
biology and geometric restraints is discussed in a forthcoming review
[11]. The 3D structures of VDAC allow now for the ﬁrst time not only
a sequence and function but also a structure comparison with bacterial
precursor proteins. The overall number of integral membrane
proteins has signiﬁcantly decreased during the transition from the
endosymbiont to the mature mitochondrion. Newly adopted functions
of MOM with β-barrel architecture are clearly the protein import
while the speciﬁc uptake of small molecules, sugars and siderophores
known from Gram-negative bacteria is presumably distributed to the
VDAC group or removed as an ancient function. Functionally, proteins
involved in membrane translocation and exchange of small molecules
are dominating in mitochondria. The number of protein isoforms
(e.g. three VDAC isoforms inmammals and two isoforms in S. cerevisiae,
1 in N. crassa) between distinct genomes varies and may resemble the
individual adaption of mitochondria to the environmental conditions
such as the initiation of apoptosis etc. Although Tom40 and VDAC share
the same fold, they fulﬁll different tasks in protein translocation and
metabolite exchange, respectively. However, the TOMcomplexmay also
have implications in the import and export of small molecules such as
superoxide anions and NADH therefore may play an additional role in
the transfer of small metabolites, in particular in the absence of porin
molecules [56,57]. Both may have had the same evolutionary precursor
but have developed towards different functions. In conclusion, a
relatively small ensemble of proteins with β-barrel topology provides
the full functional basis of communication exchange between mito-
chondria and the rest of the eukaryotic cell.
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